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lNU3ODUCTION. 

Flash hydropyrolysis of coal is expected as  a means to recover a large amount of liquid 
products under rather milder conditions than direct coal liquefaction. However, total coal 
conversion does not increase even under 10 MPa of H2 as compared with the pyrolysis in an  
inert  atmosphere. This is because hydrogen does not contribute to the primary coal 
devolatilization but to  the secondary gas phase reaction of primary tar vapors, resulting in 
the increase in CH4 yield. Several attempts to increase the coal conversion by use of 
catalysts such as Ni, Mo, Co, and Fe have not succeeded so far. The catalysts contributed 
only to the secondary gas phase reaction1S2. On the other hand, catalysts such as  Zn, Sn  and 
Mo are reported to be very effective to increase both the coal conversion and the liquid yield 
significantly under slow pyrolysis conditions when the catalysts a re  in sulfide forms3-5. 
Since Zn, for example, is supported as  ZnC12, it is transformed to ZnS during the slow 
pyrolysis6. However, ZnCl2 can not be sulfided in such a short time during which the 
primary devolatilization is finished. Summarizing these researches suggests t ha t  two 
conditions must be satisfied for the catalyst to be active during the primary devolatilization 
of the flash hydropyrolysis of coal: the first one is that the catalyst must be activated or 
presulfided, and the other is that  the catalyst must be in close contact with the functional 
groups which will be cleaved during the flash pyrolysis. 

In this paper a new catalyst supporting method which satisfies the above conditions was 
presented. The method consists of two steps: the first step is the impregnation of ZnClp or 
SnClz from a methanol solution into the micropores of coal by utilizing the swelling of coal 
induced by methanol, and the second step is the sulfidation of ZnC12 or SnC12 in a gas stream 
containing 5 % of HzS a t  room temperature. The coal supporting the catalyst was pyrolyzed 
by use of a high pressure Curie-point pyrolyzer to examine the validity of the presented 
supporting method. The coal supporting catalyst was further treated by tetralin a t  100 "C to 
prepare the coal containing both catalyst and tetralin in the swollen coal. The coal treated by 
tetralin by the above procedure was also prepared. These samples were pyrolyzed to examine 
the roles of the catalyst and tetralin during the pyrolysis. 

EXPERIMENTAL 

ortine m e t h d  

An Australian brown coal, Morwell (Ultimate analysis (daf basis): C; 67.1%. H;4.9%, 
S+0;27.40%) was used as  a raw coal. I t  was ground into the particles less than 70 pm in 
diameter and dried in vacuo at 110°C for 24 h before use. The catalyst was supported on the 
coal by the following method: 
1. 1.0 g of coal particles were immersed in 0.9 ml of methanol dissolving 0.123 g of ZnClz or 
0.094 g of SnClZ at room temperature, and kept for 24 h, by which all the methanol including 
the metal chloride was incorporated into the coal by swelling i t  by 32% by volume. 
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2. Methanol was removed by the vacuum drying almost completely, remaining the metal 
chloride within the coal. The coal incorporating the metal chloride is  still swelling. The 
sample of this stage is abbreviated to Zn-Swell or Sn-Swell. 
3. The Zn-Swell or the Sn-Swell was treated by a N2 stream containing 5 ‘3 of H2S by volume 
for 1 h, and was purged by a pure nitrogen stream for 30 min. The sample thus prepared was 
abbreviated to Zn-S-Swell or Sn-S-Swell. 
4. The Zn-S-Swell was further treated by tetralin at 100°C under 1 MPa of N2. by which the 
sample was swollen by 35% by volume, and tetralin was incorporated within the sample. 
This sample was abbreviated to Zn-S-Swell-Tet . 

The coal sample supporting Zn by a conventional method was also prepared for comparison. 
Namely, ZnCl2 was supported on the coal from an aqueous ZnCla solution, then the sample 
was treated by the HzS containing gas stream as stated above. The sample prepared by this 
method i s  abbreviated to Zn-S-Impreg. The amount of catalyst (as metal) in the coal was 
adjusted to be around 5 wt% on the dafbasis for all the samples except for the ZnS-Swell. The 
coal sample swollen by tetralin by the procedure 4 was also prepared. It was abbreviated to 
Tet. 

Figure 1 shows a schematic of the experimental setup used for the flash hydropyrolysis. The 
detail of the high-pressure Curie-point pyrolyzer i s  shown in Figure 2. The quarts reactor (12 
mm OD and 6.0 mm ID) was installed in the pressure vessel made of SUS-316. The inside of 
the reactor and the pressure vessel were pressurized using the same gas line, then 
experiments up to 10 MPa were possible in a flowing gas stream. 

We have designed the apparatus so that  the amount of hydrogen consumed (RH) as well as  
each product yield can be measured during the pyrolysis. The procedure for the pyrolysis 
under 5 MPa of H2, for example, is as  follows: 2 to 3 mg of sample wrapped by a pyrofoil (an 
Ni-Fe alloy) which has a unique Curie-point temperature was placed in the reactor, and was 
pressurized up to 5 MPa by a He stream. Hydrogen containing 1 % of N2 was stored a t  5 MPa 
in a small gas holder (5.0 mi in volume), whose volume was adjusted to purge the reactor for 
20 s. The hydrogen was pushed out by the He stream into the reactor by switching the 4-way 
valve 1. After the sample was exposed to the hydrogen for 5 s it was heated to the Curie-point 
temperature by the induction coil and kept there for 10 s to be pyrolyzed rapidly. The sample 
yas exposed to the hydrogen for 5 more seconds. The primary tar vapors were all collected by 
the quarts wool placed just below the sample, because the vapors were cooled immediately by 
the gas stream. Gaseous products and the unreacted hydrogen were all stored in a product 
gas holder, and were analyzed to determine the amounts of inorganic gases (N2, Ha, CO, 
C02 and H2O) and hydrocarbon gases (CH4, C2H4, C2H6, C3H6, C3H8, C4H8, C4Hlo. C5, and 
C6 gaseous compounds, benzene, toluene and xylene). The yields of char and tar were 
measured from the weight change of the sample in the pyrofoil and the reactor. From the 
analysis of N2 and Hz we can know both the hydrogen supplied and the amount of unreacted 
hydrogen, then we can calculate the amount of hydrogen consumed during the pyrolysis. 
The pyrolysis temperature was changed from 485 to 920% by using the pyrofoils which have 
different Curie-point temperatures. 

P 

and chem ical c h a n m  of coal 1 

Figure 3 shows the change in the volumetric swelling ratio and the micro pore volume of the 
Zn-Swell with the increase of the catalyst loading. The micrpore volume corresponding to 
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0.33 to 1.0 nm in pore diameter was calculated from the Cop adsorption isotherm measured a t  
25°C. Both the swelling ratio and the micropore volume increased with the increase of Zn 
loading. No such a change was observed for the Zn-S-Impreg. F.T.i.r. measurement of the 
Zn-Swell showed the increase in the intensity associated with free -OH groups as  compared 
with the raw coal. Methanol is known to break the hydrogen bonds in the coal to produce free 
-OH groups and swell the coal. Therefore, ZnClp in the Zn-Swell is probably retained 
between the free -OH functional groups which formed hydrogen bondings in the raw coal, 
which increased the micropore volume and the swelling ratio. 

We are expecting that the Zn in the Zn-S-Swell or the Sn in the Sn-S-Swell is transformed 
into the sulfide by the treatment with HpS at room temperature, but we wuld not prove it in 
spite of several chemical analyses performed. However, we can safely say ZnS i s  formed 
judging from the fact that  Zn(0H)p is easily transformed into ZnS by the treatment with H p S ,  
because ZnClp in the Zn-Swell is well expected to be less stable than Zn(OH12. 

Figure 4 shows the product yields obtained by pyrolyzing the samples prepared above at 764°C 
under 5 MPa of H2. Although each yield obtained from the Zn-Swell was almost similar as 
tha t  obtained from the raw coal, the total volatile matter (TVM), the tar yield and the 
hydrocarbon gas yield of the Zn-S-Swell and Sn-S-Swell were significantly larger than 
those obtained from the raw coal. Significant decreases in the water yield were found for 
these two samples. The amount of hydrogen consumed, RH. of the Zn-S-Swell and  Sn-S- 
Swell were also larger than that of the raw coal. These results indicate clearly tha t  Zn and 
Sn supported utilizing the solvent swelling and sulfided by H2S at room temperature 
contribute to the primary devolatilization reaction. On the other hand, in case of the Zn-S- 
Impreg, where Zn is sulfided but the coal is not swelling, only the tar yield and the RH value 
were slightly larger than those of the raw coal. Therefore, close contact of the catalyst with 
the coal matrix such as  -OH functional groups, which is realized through the solvent 
swelling, i s  essential in addition to the sulfidation for the catalyst to contribute the primary 
devolatilization reaction. 

To examine how the catalyst contributes to the primary devolatilization reaction, the 
pyrolysis yields of the Zn-S-Swell obtained a t  different temperatures were compared with 
those of the raw coal in Figure 5. Within the temperature range where both samples were 
pyrolyzed, the total volatile matter, the tar yield, the hydrocarbon gas yield of the Zn-S-Swell 
were larger than those of the raw coal. On the other hand, the yield of water of the Zn-S-Swell 
was smaller than that of the raw coal. Significant difference was found in the RH value as 
shown in the bottom figure. The gaseous hydrogen started t o  be utilized from around 600°C 
for the Zn-S-Swell, whereas from around 700°C for the raw coal. These results indicate that 
the total volatile matter of the Zn-S-Swell was increased by a t  least two mechanisms. The 
first mechanism is  the acceleration of the hydrogen transfer from the gas phase a s  clearly 
shown in the RH value, and the other is the suppression of the water forming cross-linking 
reaction, resulting in the increase of the tar yield through the suppression of the condensation 
reaction. 

M ofthe . .  . . .  

We have presented a novel flash pyrolysis method in which the coal swollen by a hydrogen 
donor such as  tetralin was pyrolyzed in an atmospheric pressure of Npl**.  Both the coal 
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conversion and the liquid yield were increased significantly by the method. This was 
because hydrogen radicals were effectively transferred frondvia tetralin to coal fragments. 
and because the water forming cross-linking reaction was suppressed by the tetralin 
molecules retained within micropores. In this study we have clarified tha t  hydrogen 
radicals were effectively transferred from gaseous hydrogen to coal fragments via catalyst 
if the catalyst was supported properly. Now, we have two hydrogen radical suppliers, 
hydrogen and tetralin, and two hydrogen radical transfer promoters, the catalyst and 
tetralin. Therefore, we can expect a t  least five hydrogen radical transfer paths as shown in 
Figure 6: (1) from gaseous hydrogen, (2) from tetralin. (3) from gaseous hydrogen via 
catalyst, (4) from gaseous hydrogen via tetralin, and (5) from tetralin via catalyst. Then we 
tried to examine the relative magnitude of the five hydrogen radical transfer paths. 

Figure 7 shows the pyrolysis yields and the RH values for 4 samples, the raw coal, the Tet, the 
Zn-S-Swell and the Zn-S-Tet, pyrolyzed a t  764'C under 5MPa of H2 or He. Helium was used 
a s  an inert carrier gas when gaseous hydrogen was not necessary. We will examine the 
relative magnitude of the 5 paths based on the value of the coal conversion (char yield) first. 
Three experiments from the lek were performed to examine the separate effect of gaseous 
hydrogen and tetralin. These experiments showed that tetralin and gaseous hydrogen have 
similar effects. The next three experiments were related to the combined effect of the 
hydrogen radical supplier and the radical transfer promoter. The relative magnitudes of the 
paths (3), (4) and (5) are judged to be (5)>(4)>(3) from these experiments. I t  i s  interesting to 
note that the contribution of the path (4) is larger than that of the path (3). The last experiment 
was performed including the catalyst, tetralin and gaseous hydrogen. From the last four 
experiments we can judge the path (5) is the most effective to increase the coal conversion. 
Summarizing the above results, we can say that the order of the relative magnitudes of the 5 
paths c a n  be written as 

(5) > (4) > (3) > (2) a (1) 

Next, we focused our attention on the product distribution and the amount of hydrogen 
consumed. Hydrogen radicals supplied from tetralin tended t o  increase the tar yield 
preferentially, whereas those supplied from gaseous hydrogen increased the hydrocarbon 
gas yield also a s  clearly shown in the product distributions. This suggests that  the rate 
and/or the mechanism of the hydrogen radical transfer is different among the gaseous 
hydrogen and tetralin. The RH values could be measured for only the experiments 
performed in H2 atmosphere. It is clearly shown that the amount of hydrogen consumed 
increases for the samples supporting the catalyst and/or incorporating tetralin within the 
coal, indicating that the increases in the coal conversion were realized through the increase 
in the amount of hydrogen transfer. However, we can not discuss the contribution of tetralin 
now from the view point of the amount of hydrogen transferred, since we could not measure 
the amount of radicals transferred frondvia tetralin. 

CONCLUSIONS 

A new catalyst supporting method which enhances the primary reaction of the flash pyrolysis 
of coal was presented, in which ZnCl2 or SnC12 was supported from a methanol solution and 
the chloride was sulfided (activated) by a gas containing HzS. The catalyst thus prepared 
enhanced the hydrogen radical transfer from gaseous hydrogen and from tetralin 
incorporated within micropores of coal, resulting in the increase of the coal conversion and 
the liquid yield. The relative magnitude of the hydrogen radical transfer paths during the 
flash pyrolysis was also examined. 
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Figure 1 Schematic diagram of experimetnal apparatus 
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Figure 2 Detail of the high-pressure Curie-point pyrolyzer 
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Figure 3 Change in the swelling ratio and the micropore volume with 
theincrease of the catalyst loading for the Zn-Swell 
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